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THE ABSORPTION OF SOUND BY MATERIALS 


I. InrrRopuction 


1. Object of Investigation—The increasing demand for quiet in 
buildings and auditoriums has stimulated the use and development of 
materials with sound-absorbing qualities. This movement has been at- 
tended with persistent inquiries about the sound-absorbing efficiencies 
of various products because the numerical coefficient of a material must 
be known to calculate the amount of it needed to adjust the acoustics 
of any room. The object of the investigation described in this bulletin 
was to determine experimentally the absorption coefficients for a num- 
ber of materials for the information of architects and others interested. 
The theory and method of measurement are described at some length. 


2. Acknowledgments.—Acknowledgment is cheerfully given to 
members of the staff of the Physics Department for suggestions, and 
particularly to Prof. A. P. Carman for his encouragement. Prof. James 
M. White, the Supervising Architect, has given generous assistance in 
alding the work. 

The investigation has been a part of the work of the Engineering 
Experiment Station of which Dean M.S. Ketchum is the director, and 
of the Department of Physics of which Prof. A. P. Carman is the head. 


Il. THrory 


3. Definition of Acoustic Absorption—Sound incident on a ma- 
terial is reflected, absorbed, and transmitted, as indicated in Fig. 1. 
When such a material is installed on the walls of a room, its absorbing 
effect includes the transmitted sound as well as the pure absorption 
in the material. In this sense an open window is considered a “perfect” 
absorber, but is really a perfect transmitter. The coefficients deter- 
mined are based on this conception; that is, that what is not reflected is 
“absorbed.” The open window is taken as the standard absorber with 
a coefficient of 1.00, or 100 per cent absorption. A material in the room 
with a coefficient of absorption of 0.50, means that it absorbs 50 per 
cent as much sound as an open window of equal area. 


4. Action of Sound in a Room.—Since the purpose of this investi- 
gation is to determine the absorption by materials installed on the 
walls of rooms, it is desirable to consider the action of sound under 
these conditions. Thus, if a sound is generated in a room it proceeds 
outwards in spherical waves from the source to the walls where it is 
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reflected, absorbed, and transmitted as shown in Fig. 1. The reflected 
sound then proceeds to a second wall where it is again reflected, ab- 
sorbed, and transmitted, and so on, experiencing from 200 to 300 re- 
flections for an average sound before its energy is all absorbed or 
transmitted. This means that with a steady sound, such as a sustained 
tone of an organ, each area of wall or a material on a wall, is sub- 
jected simultaneously to the combined action of a large number of 
sounds—the one striking it directly, the one striking it after one reflec- 
tion, the one after two reflections, and similarly for all the other 
sounds down to the one which is just dying out. In calculating the ab- 
sorption, it is necessary to develop an equation that takes account of 
this complex action. 


5. Equation for Decay of Sound in a Room.—Thus, in accordance 
with the action of sound as described in Section 4, W. C. Sabine* de- 
veloped a reverberation equation which may be writtent 


—art 


where H energy of sound per unit volume in a room at the time t 
A = rate of emission of energy from the source of sound 
p = mean free path of sound between reflections 
a = average coefficient of absorption 
v = velocity of sound 
V = volume of room 
¢ = time at any instant after the source of sound is stopped 


*Wallace C. Sabine. “Collected Papers on Acoustics,’ Harvard University Press, Cambridge, 
1922. 

tF. Aigner. ‘‘Experimentelle Studie tiber den Nachhall,’”’ Sitz. Ber. der Wiener Akad., 2a 
Vol. 123, Sr 1489-1523, 1914. 
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Sabine conducted an extended series of fundamental experiments that 
justified his theory. Other forms of the equation have been developed 
by Franklin,* Jager, Buckingham,t and Eckhardt.{ Jager’s equation, 
which is convenient for use, is 


—avst 


4A 
= —k = —— av 
E = E,e-* ae (1) 


where the quantities are the same as noted in Sabine’s equation, ex- 
cept that s = total area of surfaces exposed to the sound waves, so that 


4V ; : : 
Uae and p is replaced by the more easily accessible quantities, V 


and s. Solving equation (1) for ¢ gives 


ae AV 2.3 4A V 4A 


t O —— = constant — log,, —— 
avs 10 GusH as °*° qusH 


or, in words, 
volume loudness 
absorption 


time of reverberation « 


since the loudness is proportional to the logarithm of the intensity 


4A : ; : 
(‘oe ae Experimentally, the problem is to determine the absorp- 


tion a. For convenience, the factors as are abbreviated to a, and E is 
given the arbitrary value of unity (“threshold intensity,” see Fig. 2), 
so that 

— 4V 2-3 4A 


lo : 
av S10 av 


The value of A is thus fixed in the same units as those for which HF = 1. 


t 


6. Application of Equation to Experimental Conditions —Create 
a sound in a room, by blowing an organ pipe, for instance, until a 
steady state is reached where as much energy is absorbed per second 
as is generated. Then discontinue the generation of sound and meas- 
ure the time of reverberation taken for the residual sound to become 
inaudible. Repeat the experiment with sound-absorbing material in 
the room. The equations which apply, as special cases of equation (1), 
are 


AA ee 
E =—e *” (bare room, absorption = do, t = to) (2) 


° 

*w. S. Franklin. “Derivation of Equation of Decaying Sound in a Room and Definition of 
Open Window Equivalent of Absorbing Power.” Phys. Rev., Vol. 16, pp. 372-374, 1903. 

+G. Jager. ‘‘Ziir Theorie des Nachhalls.” Akad. Wiss. Wien, Sitz. Ber., Vol. CXX, 2a, p. 613, 


a $E. Buckingham. ‘Theory and Interpretation of Experiments on the Transmission of Sound 


h Partition Walls.’’ Bureau of Standards Sci. Paper No. 506, 1925. 
a A. Bekhardt. “The Acoustics of Rooms.” Jour. Franklin Inst., Vol. 195, pp. 799-814, 


1923. 
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E (with material, absorption = (a, +a), t=t;) (3) 


Before solving for a,, which gives the coefficient of absorption of the 
material, it is necessary to find a), the absorption of the bare room. To 
determine this factor, repeat the reverberation measurement for the 
bare room with a sound of the same pitch but of different intensity 
A’, for which the time is different, = t’,, and equation (2) becomes 


4A,! =Apdto’ 
R= Fae pie: (4) 
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Solving for a, in equations (2) and (4), we get 


A, 
AV 2.3 (=) AV 2.3 (logip A, —logy9 A @) 
= ] — : 
S v oe Goto) v (to— to’) 2 


Note that # has the same value in each case, and is called threshold 
intensity, meaning a sound which is barely perceptible. It is necessary 
to make a small correction in the time t,, because when the material is 
introduced, the initial intensity of the sound is reduced from 


4A 4A 


AV B (do-+a1)0 
equation (3) 


That is, to get t)’, the corrected time, we rewrite 


4A, = (do +a1)vt1" 
i ead (6) 


(ov 


oO 
, the same as for the bare room, 


where the initial intensity is now mae 
°o 
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Fic. 4. Virw or REVERBERATION Room 


but the time t, has the correspondingly larger value t’,. Comparing 
equations (2) and (6) we get 


Alo = (ao+a1) ty’ (7) 
Ao(to — by! 
and oo ( 7 1’) (8) 


If a, is divided by the area of the sound-absorbing material introduced, 
the coefficient of absorption is obtained. 

The value of the corrected time is obtained from equations (3) 
and (6), whereby 


4V 2.3 ata 


TE logo aut (9) 


a sufficiently exact value for (a,-+ a,) being obtained from a,t, = 
(a,+a,)t, (equation 7) where ¢,, the actual time obtained in the ex- 
periment, is used approximately for t’,. Application of the equations to 
actual measurements is given in Chapter IV. 


7. Measurement of Sound Absorption by Instruments Without Aid 
of the Har—Inspection of equation (1) shows that the absorption fac- 
4A 


tor a appears in the intensity expression, E, rage that is, 
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Fig. 5. View or ToNE VARIATORS 


Z 4A 
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a (10) 
If A, the energy of the source, and E,, the average intensity of the re- 
sulting sound in the room, can be measured, then a can be calculated. 
This method looks simple, but the successful measurement of #, must 
take account of the interference pattern of sound in the room which 
gives maxima and minima in various positions depending on the com- 
binations of the reflected waves. 

This difficulty may be practically overcome if the sound pattern 
can be mixed so as to give an average effect in all parts of the room. 
Such a mixing is approximated by periodically varying the pitch of the 
sound within narrow limits and, in addition, by moving the source of 
sound. The measuring instrument must respond slowly so as to give 
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Fic. 6. View or Aupio OScILLATOR AND AUXILIARY APPARATUS 


an average response to the variations.* Preliminary measurements by 
the author have been made, using a Rayleigh Disc Resonator as the 
measuring instrument. 

Additional tests have been made using equation (10) with the ear 
as the detector. The method employed was to listen to the sound of 
head telephones operated by a branch from the current that activated 
the source of sound in the room. A “tone match” was then made be- 
tween the sound heard in the head telephones and the sound that came 
through the air from the source of sound, using an adjustable resist- 
ance to vary the sound of the head telephones and interrupting this 
branch current so as to estimate the matching of the two sounds. This 
gave a measurement of H, (equation 10). A similar measurement was 
taken in close proximity to the source, which gave a measurement of A 
in the same units, and allowed the ratio A/E, to be calculated. It is 
possible also to measure A and E, by means of the Rayleigh Disc 
shown in Fig, 9. 


*E, A. Eckhardt and V. L. Chrisler. “Transmission and Absorption of Sound by Some Build- 
ing Materials.’’ Bureau of Standards Sci. Paper No. 526, 1926. 

V. O. Knudsen. ‘‘The Measurement of Sound Absorption in a Room.’”’ Phys. Rev., Vol. 29, 
p. 753, 1927. See also: ‘‘Measurement of Reverberation Using the Thermionic Tube Oscillator as 
a Source.’”’ Jour. Opt. Soc. Amer., Vol. 138, pp. 609-12, 1926. 
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8. Measurement of Sound Absorption by Means of Standing 
Waves in a Tube—Sound waves are sent down a long tube, which by 


_ reflection at the stopped end forms nodes and loops in the tube. The 
relative intensities at these nodes and loops are reduced by placing 


absorbent material at the stop, and the absorbing coefficient can be de- 
termined by appropriate calculations. Thus, the absorptivity or ab- 
sorbing power is given by 


A=1—h= 


where F is the reflecting power and M, and N, are the maximum and 
minimum pressures in the tube.* 

This method was suggested by Tuma,j and used later by Weis- 
bach,t Taylor,J Eckhardt and Chrisler,* Richardson,§ and by Paris.** 
Measurements by instruments instead of by the ear, as described in 
Section 7, are preferred, and seem likely to be adopted in the future 
as more reliable and satisfactory. 


9. Measurement of Intensity of Sound With Rayleigh Disc—The 
Rayleigh Disc is a thin, flat, circular object which, when suspended in 


*B®, A. Eckhardt and V. L. Chrisler. ‘‘Transmission and Absorption of Sound by Some 


Building Materials,’ Bureau of Standards Sci. Paper No. 526, 1926 
tJ. Tuma. “Eine Methode zur Vergleichung von Schallstarken und zur Bestimmung der 
Reflexions-fahigkeit verschiedener Materiallen.”” Akad. d. Wiss. Wien. Ber., Vol. III, (2a), p. 402, 


1902. 
{F. Weisbach. ‘‘Versuche tiber Schalldeuchlassigkeit, Schallreflexion und Schallabsorption,”’ 


_ Ann. der Phys., Vol. 33, pp. 763-798, 1910. 
{H. O. Taylor. ‘‘A Direct Method of Finding the Value of Materials as Sound Absorbers.”’ 
Phys. Rev., Vol. 2, p. 270, 1913. 
§E. G. Richardson. ‘‘Amplitude of Sound Waves in Pipes.’’ Proc. Roy. Soc., Vol. 112A. 
pp. 522-541, 1926. (See ‘“‘Absorption Coefficients of Materials,” p. 538). 
**B, T. Paris. “On the Stationary-Wave Method of Measuring Sound-Absorption at Nor- 
1 mal Incidence,” Proc. of Phys. Soc. (London), Vol. 39, Part 4, pp. 269-295, 1927. 
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Fig. 8. View or Box ENcLosING THE RAYLEIGH Disc 


the path of sound waves, either progressive or stationary, tends to 
place itself flatwise to the direction of the waves.* 


The turning of the disc is resisted by the torsion in the suspending 
thread, so that a steady deflection results for a continuous, constant 


sound. The intensity of sound £ is related to the angle of deflection 6 
by the relationt 


ke 
~ cos 20 


where k is a constant depending on the suspension and disc used. 


III. Apparatus AnD Mreruops 


10. Outline of Method of Measurement.—The method used is 
based on the fundamental work of W. C. Sabine. The source of sound 


*Lord Rayleigh. ‘Theory of Sound,’’ Vol. II, Sec. 253b. 


tf. R. Watson. “An Investigation of the Transmission, Reflection, and Absorption of Sound 
by Different Materials.” Phys. Rev., Vol. 7, pp. 125-132, 1916. 
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was a telephone receiver operated by current from an audible fre- 
quency vacuum tube oscillator, which gave a much wider range of in- 
tensity than the organ pipes used by Sabine. A practically pure tone 
was obtained by adjusting the oscillator circuits, and by amplifying the 
fundamental by means of a Helmholtz resonator placed over the tele- 
phone receiver.* Finally, the sound intensity was measured instru- 
mentally with a Rayleigh Disc instead of by reverberation measure- 
ments. 

The reverberation room was cleared of all furniture and accessor- 
ies, leaving only the necessary equipment for the test. The telephone 
source of sound was operated by means of a key connecting it to the 
radio oscillator. After several seconds, when the room became full of 
sound, the key was lifted and the time for the sound to become inaudi- 
ble was measured by an observer with a stop watch. This measurement 
was taken 10 times and the average recorded. This set of 10 readings 
was repeated and the average result recorded. Then a material under 
test was placed on the floor in shallow trays, the total area being 72 
sq. ft. or more, and two sets of 10 readings were taken for the rever- 
beration as before. This time was shorter than for the bare room, be- 


*B, Mallett and G. F. Dutton. ‘‘Some Acoustic Experiments with Telephone Receivers.” 
Jour. Inst. Elec. Eng. (London), Vol. 63, pp. 502-516, 1925. 
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cause of the absorbing power of the material. Similar readings were 
taken for four different sounds, the frequencies being 256, 512, 1024, 
and 2048. 

Several necessary features were checked during each set of meas- 
urements. The current operating the telephone was kept constant by 
suitable adjustment of the electric circuit and batteries. To mix the 
pattern of sound in the room, the telephone source was swung back 
and forth by mounting it on the top arm of a compound pendulum, 
thus causing the sound to emerge from a moving source. This pendu- 
lum was mounted with ball bearings so that it was noiseless in action 
and oscillated a long time before coming to rest. Each measurement 
was recorded on a roll of paper and moved out of sight, so that the 
observer was not influenced by results of measurements already taken. 
After a test was completed, all the measurements pertaining to it were 
recorded and averaged. This independence of each measurement proved 
very helpful in securing consistent results. 

To secure the absorbing value a, of the bare room, measurements 
were taken in sets of 10 for three or four very different intensities of 
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the sound, but the pitch was kept constant. This variation in intensity 
was easily arranged by means of an audibility meter which allowed 
an adjustment of the current operating the telephone (see Fig. 7). The 
telephone with its resonating tube was then removed to a box contain- 
ing a Rayleigh Disc to determine the intensities of the sounds used. 
By repeating the settings of the audibility meter and the telephone 
current, measurements were thus taken for the actual sound intensities 
used in the reverberation room. Calculations to determine the sound- 
absorbing coefficient were then made as explained in Chapter Ilsa 
complete set of calculations being given in Chapter IV. 


11. Sources of Sound—Several sources of sound were tried in the 
investigation. A special set of wooden organ pipes, closed at one end, 
were used, but they gave overtones when blown vigorously, and 
changed pitch when the blowing pressure changed. These were replaced 
by a set of tone variators—that is, adjustable Helmholtz resonators 
which had the advantage that they were practically free from over- 
tones and were easily tuned by means of a piston. 

A much more flexible and satisfactory source was obtained by 
using a telephone receiver operated by current from an audible fre- 
quency audion oscillator (General Radio Company, Low Frequency 
Oscillator, Type 377). By simple adjustment of capacities and induc- 
tances, a practically pure alternating current could be obtained for any 
frequency from 60 to 80 000 per second, with a variation of intensity 
of 2000 fold or more without change in frequency. The current was 
amplified through a two-stage impedance coupled amplifier, and the 
output of the last stage was led to a tapped “audibility meter” through 
an output transformer. This arrangement allowed the alternating cur- 
rent input to the audibility meter to be measured by means of a ther- 
mocouple and galvanometer and controlled to a constant value by 
means of a series resistance. The audibility meter is a tapped potentiom- 
eter device allowing various portions of this constant input current to 
be passed through the telephone receiver (see Fig. 7). 

The alternating current furnished by this instrument when ex- 
amined by a G. E. oscillograph showed good sine wave form with 
relatively unimportant overtone components. The General Radio 
Company furnishing the oscillator states: “The largest single har- 
monic component in the voltage wave is of the order of two per 
cent.” The current was led to a telephone which emitted the sound 
used in the investigation. Several telephones were tried, but finally 
a Brandes receiver was selected for the test. This was mounted 
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in an adjustable piston of a cylindrical Helmholtz resonator 4 
inches in diameter, with a circular opening % inch in diameter, 
so that by a suitable setting of the piston the fundamental tone 
was amplified decidedly and any overtones became correspondingly 
too faint to affect the measurements appreciably. The tone for the fre- 
quency 2048 was obtained by a separate Baldwin “unit” telephone 
which had a natural resonance at this pitch. Faint overtones in the 
sound in the room were detected by listening with adjustable Helm- 
holtz resonators but the fundamental showed a very marked intensity. 
The audio-oscillator apparatus was much more satisfactory than the 
wind instruments, because of its quiet action, its flexible pitch, its wide 
range of intensity, and the ease of moving the telephone source quietly 
so as to mix the sound in the room. 


12. Reverberation Room.—The room used for the reverberation 
tests had a volume of 12 180 cu. ft., with concrete floor and ceiling, 
walls of hard plaster on brick or tile, and seven heavy double windows. 
Sounds used in the tests persisted from 3 to 8 seconds in this room be- 
fore dying out (see Fig. 4). 


13. Rayleigh Disc and Its Use-—Several discs were tried, but the 
one finally used was a thin, flat circular glass circle platinized on one 
side so as to act as a mirror. It was 1.2 cm. in diameter, weighed 34 
mg. and was suspended by a quartz thread about 15 in. long. Its period 
of vibration was 15 seconds. To protect it from air drafts, it was 
mounted in a specially prepared box 4 ft. high with a cross-section of 
3 ft. by 3 ft. The inside of the box was lined with cotton about 3 in. 
thick and with other absorbing materials arranged in haphazard fash- 
ion to minimize reflections. The brass tube containing the telephone 
source of sound was inserted through a hole in one side of the box. A 
beam of light entered through a glass plate directly opposite the tele- 
phone tube with the suspended Rayleigh disc in a line between the two 
(see Fig. 9). A thin cheesecloth gauze was mounted on a skeleton 
frame about the disc to minimize convection currents. It was found 
necessary to ground the brass tube to eliminate electrostatic charges 
that caused the disc to deflect. A glass scale at the front of the box 
allowed inspection of the spot of light reflected from the disc, the de- 
flections of which divided by the perpendicular distance of the dise 
from the scale gave tan 26, where 6 was the angle turned by the disc 
This led to a calculation of the intensity 


ke 
~~ cos 26° 
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By means of a worm gear, the quartz thread supporting the disc could 

be twisted so as to bring the disc back to its initial position. The angle 

of twist ¢ is proportional to the intensity, ees 
cos 26 

14. Sources of Error—The reverberation method has one import- 
ant source of error—the measurement of the time of decay of sound in 
a room by means of the ear. The human factor of concentration var- 
ies with one’s physical condition, so that it is necessary for satisfactory 
results to take reverberation measurements only when the observer is 
not fatigued. Also, it is desirable to secure a considerable number of 
measurements of the time of reverberation to obtain a suitable aver- 
age. An error in the time is made because the hand operating the stop 
watch acts after the ear decides that the sound is inaudible.* Any vari- 
ation in this time ¢t affects the calculation of the absorbing coefficient 
in a very sensitive manner. For instance, in Fig. 10, a variation of 
+ 0.1 second in the extreme measurements would change the value of 
a, 6 per cent. 

A fortunate feature of the decay of sound in a room is that it 
dies out in “waves.” If it gradually sunk to inaudibility, as indicated 
in the smooth curve of Fig. 2, it would be practically impossible to note 
the last vestige of sound. But there are small irregularities as the 
sound dies out that aid the observer in estimating the final ‘‘threshold” 
sound. 

An advantageous feature is the movement of the telephone source. 
This serves to mix the sound in the room so that a material is subjected 
to an average sound instead of concentrations of intensities on certain 
areas such as would result with a stationary source. The moving source 
also gives a better average of sound for the observer who, with a sta- 
tionary source, might be located at a “silent” spot or a “loud” spot 
when measuring one material, but with a different condition for an- 
other material, so that the results for the two materials would not be 
strictly comparable. Operating the source near the center of the vol- 
ume of the room minimizes the reinforcement of a nearby reflecting 
surface.t Its motion would also average any such effect, if any surface 
happened to be in a favorable position for reinforcement. The top of 
the resonance tube was 9 feet high in its upright position, thus placing 
the source of sound at a considerable distance from the reflecting floor. 


*Ernst Petzold. ‘‘Elementar Raum Akustik.” Bauwelt-Verlag, Berlin, 1927. (See page 16 


f nal error in measuring time of reverberation.) . A ‘ 
a eas H. Davis. ‘The Basis of Acoustic Measurements by Reverberation Methods.’”’ Phil. 


Mag., Vol. 2, pp. 543-556, 1926. See also: ‘‘The Loud-Speaker as a Source of Sound for Reverber- 
ation Work.” Phil. Mag., Vol. 2, pp. 51-64, 1926. 
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TABLE 1 
RESULTS FOR REVERBERATION IN BARE Room 


as 31.8 2.8 0.184 0.0174 
cos 26 
0 
— : 0.45 —0.736 —1.76 
logio (= 20 ) oe 
Time of reverberation, 7.10 591 4.49 3.46 
seconds 


See Section 13 for method of obtaining =a) 
cos 26 
The results are plotted graphically in Fig. 10. The value for 
_ 4X12 180X233 2—(—5) 
1120 T7028) 


ao = 86.5 units 


The reverberation room had a resonance for the frequency 256, so 
much so that some materials could be felt to vibrate when the hand 
was placed on them. Such materials showed a proportionately larger 
absorption for this frequency than for other frequencies for which the 
room did not resonate. 


IV. EXPERIMENTAL RESULTS BY REVERBERATION METHOD 


15. Sound Absorption of Bare Room.—tThe value of the absorp- 
tion of the bare room (a,) is shown in equation (5) to depend on the 
volume V of the room (12 180 cu. ft.), on the velocity of sound (1120 
ft. per sec. at 15 deg C.), and on the ratio 


6, 6.’ 
logio feo — logio (25) 
(logip Ao —logio A.’) COS 2, cos 26, 


(to —to’) = (to—to’) 
since A = ers so that 
] us ] Go! 
_ 4X 12 180 x 2.3 °"\cos 20) °F" cos ri, 
aa 1120 Gn 


To illustrate the application of the equation, a set of data is given 
in Table 1 for the bare room for the frequency 1024. 

This result depends very sensitively on the slope of the line in Fig. 
10. A small change in the slope will make a considerable change in ay. It 


is because of this sensitivity that the intensity = was varied 
cos 
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TABLE 2 
ReEsvutts ror Sounp AssorBING Units or Barz Room 


No. of observations 


Go Observer for each value 
88.2 TGs Rk. 200 
89. » 400 
93.7 J. EB. V. 120 
91.5 4, 400 
88. BR Ww. 400 
91. oy 160 
90.2 Av. 1680 total no. of 
measurements 


The same procedure of taking a large number of measurements to get was followed for 
the other pitches, the final values being: apt ; 


POLE Matas actos si sreis acorn dy oteiwver states 256 512 1024 2048 
Gay, Bonoop onc MAEM DOOOROMaA 112 90.2 90.4 123 


widely, from 31.8 to 0.0174, or 1830 to 1, as shown by the figures in 
Table 1. It is interesting in this connection to note that the similar 
range of intensities from 16 organ pipes to one organ pipe was only 
Onto 1-* 

In this investigation, the determination of a, for each pitch was re- 
garded as a fundamental measurement, and was obtained as the aver- 
age of a considerable number of results. For instance, for the pitch 
512, the values of a, given in Table 2 were averaged. 

16. Sound Absorption of Open Windows.—When the absorption 
a, of the bare room is obtained, it is then fairly easy to get the absorp- 
tion of any material. All that is necessary is to note the time of rever- 
beration t, for the bare room for a steady sound of one of the pitches 
for which a, is known, then to take similar measurements, t,, when 
the material under test is placed in the room, and make calculation 
for the coefficient of the material by equations (8) and (9). 

For instance, it is possible to test the absorption of open windows, 
the absorption of which is “perfect,” with a theoretical coefficient of 
1.00. The coefficient determined experimentally can then be com- 
pared with the theoretical value 1.00, and a check obtained on the ac- 
curacy of the method and measurements. 

Thus, with the windows shut, the time of reverberation was found 
to be t, = 4.57 seconds, but with 43 sq. ft. of open windows the time 
for the same sound of 2048 vibrations per second was reduced to 
t, = 3.34 seconds. The absorption of the room for this test was 123 
units. Correcting the latter time to the value t’, it would have if the 


*Sabine, loc. cit. 
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initial intensity were the same for windows open and shut, equation 
(9), 


4V 2.3 eta; 4X12 1802-3. 168 
e pa Pedal Fa ee ha 9 
ia (ee hee : 168x 1120 1°2°123 F 


123 
= 0.08 + 3.34 = 3.42 sec. 


Aoto = 123 4.57 = 168 units 


where the value (a,+ a1) = hy 3.34 


(see explanation after equation 9). 


Then, from equation (7), 


(to — ty! 1.15 ' 
= “eet = IPE Skee SS GALS) as 
1 


a 3.42 


Now a, equals the absorption of 43 sq. ft. of open windows, w, minus 
the absorption of the glass, g, which it replaced when the window was 
opened, so that the coefficient for the open window is found by the 
equation 


41.3 


isn eae a w—0.025 and w=0.96+ 0.025 =0.985 


QqQ= 


That is, the experimental coefficient for the open window space is 0.985 
where the theoretical value is 1.00. The close agreement here is some- 
what accidental and is not to be taken as indicative of the accuracy of 
all the experimental results. However, this confirmation of the theo- 
retical coefficient was very gratifying and gave confidence in the coefli- 
cients determined for the other materials. Similar experiments per- 
formed: for other pitches gave the results shown in Table 3. 

Measuring the time of reverberation with the windows open was 
much more difficult than with the windows closed. Many measurements 
were discarded because of the disturbing effect of sounds of distant 
trains, automobiles, and other causes. Some idea of the variation in 
measurements with the windows closed is given by the following re- 
sults, each value being the average of 80 measurements of the time of 
reverberation for the bare room. The second set of data was taken a 
month after the first set, as follows: 


| PAROS 5 CARIES BIG Airowice owas aiacls 256 O12 1024 2048 
WICKES (0) anes spon tei & doe 5.29 sec 5.01 5.45 4.59 
JUNE SOMA: steerer 5.38 sec 4.88 OMe 4.55 


Difference, per cent........ LG 2.6 2.6 0.9 
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TABLE 3 
Sounp ABsorBING CoEFFICIENTS FoR OPEN WINDOWS 


0.98 1.08 


256 | 512 | 1024 | 2048 


17. Sound Absorption of Various Materials —Coefficients of ab- 
sorption were determined for a number of materials by the method 
just described for obtaining the absorption of open windows, the ma- 
terial under test being placed near the center of the floor of the rever- 
beration room. The area of material in each case was 72 sq. ft. or 
more—enough to include a number of wave lengths and avoid errors 
due to too small areas.* 

Each of the results recorded in Table 4 is the average of from 
100 to 300 separate measurements, most of them taken independently 


TABLE 4 
Sounp ABSORBING COEFFICIENTS OF VARIOUS MATERIALS 


Coefficient 
Material 
Pitch = 256t 512 1024 2048 
Open window (theoretical value).........-.seceeeees 1.00 1.00 1.00 1.00 
Open window (experimental value)...........++2008 0.945 0.98 1.08 0.985 
Hairfelt, bare, 1 inch thick, 0.75 lb. per sq. ft..... 0.34 0.58 0.80 0.84 
Acousti-Celotex, type A, (felted bagasse fibres 
13/16 in. thick, 1.11 lb. per sq. ft., perfor- 
ated with 441 small holes per sq. ft. on 
DACKNOLAIMALETIA!) Frais sissseisiefecoreloie wlele)siv'eielsicivicteisielelsioss 0.30 0.25 0.21 0.26 
Acousti-Celotex, type B, ditto, with perforations 
exposed on front, painted or unpainted......... 0.24 0.47 0.49 0.60 
Acousti-Celotex, type BB, ditto, 114 in. thick, 
1.67 lb. per sq. ft. painted or unpainted....... 0.36 0.70 0.76 0.76 
Acousti-Celotex, type C, % in. thick, 0.48 Ib. 
per sq. ft., completely perforated, painted 
OV UDP AIGe are yer aw ioia cleisissivie is ete dis ele ieiele'si¢ cis/eie sieisle 0.12 0.30 0.48 0.55 
Armstrong Cork Board, 1 in. thick, 0.875 lb. 
DEER ara beteictars nase elena cls eloisiere wie, eistete isio\erwioisresalelers 0.08 0.30 0.31 0.28 
ditto, sprayed with cold water paint............ 0.07 0.30 0.28 0.29 
ditto, 2) in: thick, 1.6 Ib. per sq. ft........0200- 0.17 0.35 0.27 0.34 
Flaxlinum (felted flax fibres), bare, 1 in. thick, 
DL Tilt se Cr eS: ol bescis:etcrctetssetesatercteisictelsisrolorate cls ics Minyste 0.49 0.61 0.67 0.66 
Flaxlinum, (ditto), with unpainted decorative 
pembrane (0.1 lb. per sq. es anealt a to 
the inch) mounted in. in front o ax- 
fee nOACAR OS SOA w Bu oiavel ete, eheretaleteiare sisi iciele’etsis.s)e 0.30 0.61 0.60 0.55 
Gimco Rock Wool (silica fibres, felted between 
metal lath), 114 in. thick, 1.44 lb. per sq. ft... 0.46 0.57 0.56 0.72 


tAt pitch 256 the reverberation room had a resonance, so that materials capable of vibrating 
would have a somewhat greater coefficient than if the resonance were absent. 


*P, E. Sabine. “Diffraction Effects in Sound Absorption Measurements,” Phys. Rev., Vol. 19, 
pp. 402, 1922. See also: ‘‘The Nature and Reduction of Office Noises,” Amer. Architect, May 24, 
June 7, June 21, 1922. 
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by three observers. Theoretically, the coefficient should take account 
of the surface covered by the material under test. For instance, in the 
open window coefficient, the absorption of the glass (0.025) was sub- 
tracted (see Section 16). In these tests the material was laid on a 
painted concrete floor, for which the coefficient was estimated to be 
0.01; but the correction to the coefficient was not made as illustrated 
in the calculation of the open window coefficient, because the accuracy 
of the experimental work did not warrant this refinement. 


18. Table of Coefficients of Various Materials—tIn accordance 
with the purpose of this bulletin, additional data from various sources 
are recorded in Table 5, which gives values for a range of pitches. 

Table 6 gives coefficients for the materials usually found in audi- 
toriums. Some of the coefficients are necessarily average, or approxi- 
mate. For instance, the absorption of a carpet depends on the thick- 
ness and weight and lining. Curtains vary widely, and the coefficients 
are thus only approximate. But, in view of the dearth of information, 
an approximate coefficient is helpful in estimating the absorption of 
rooms. 


V. CONCLUSIONS 


19. Conclustons—Absorption of sound by materials is due to the 
porosity, compressibility, and elasticity. The materials listed in Table 
6 are all more or less porous, and absorb sound when the sound waves 
are dissipated into heat by friction in the narrow pores. Some of the 
materials are compressible, such as hairfelt, carpets, etc. Some absorb 
sound by vibrating, as is probably the case with thin glass, wood, and 
suspended plaster ceilings. 

Materials that are finished in the factory, such as Akoustolith and 
Rumford Tile, Acousti-Celotex blocks, cork tile, etc., are more likely 
to have laboratory coefficients than materials that are installed on the 
job, where the skill of the workman determines the efficiency. 

A very important consideration is the painting or decoration of 
materials. If such painting closes the pores of the material, or if paint- 
ing a membrane stiffens it, the absorbing efficiency is reduced. The 
effect of spraying paint is not as serious as that of applying it with a 
brush. For instance, cork boards with rather large openings in the sur- 
face may be sprayed without appreciable effect. Acoustic plasters may 
be sprayed with special paints without serious effect.* Acousti-Celotex 
appears unique in this regard, because it may be painted in any way, 


*Paris, loc. cit., page 283. Application of “distemper” reduced absorption. 
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TABLE 6 
Sounp ABSORBING COEFFICIENTS FoR PitcH 512 


ficient 

Material ae Ba: ry 
Oper wo wire cicese cievoteretecctevaler nie che) sieiepe irre retereiele eletevoretalsteleletstonelototat tect stateleferarotsieloT sista tei 1.00 
Akcoustoliths (CAntiicial: StONE) ace ceysjlertereieteternclslarectsleloleisieterate sieteie’sicletslelsicleisieleresisicieisis 0.36 
Ayablen Sound Absorbine: Plaster cieietcsiiee caealelilelsislereeveielnerst ietetoustotsyefainieieraisisiets 0.14 
Balsam Wool, bare, 1 in. thick, 0.26 Ib. per sq. ft............sc0ssceeecceess 0.61 
Brick: walle ccwcoccccer ccc ecelocte cialis cielsielalersieveime a siete) acteisrefvatsvere(elermerenclelataisrsnetate 0.032 
Brick wall painted. :-ecck acew eon cee ne ncictieeatletaret sie iene eile seleiet ris 0.017 
Brick, ‘set in COMmenty oiaccessjeieie oie) s\e s1e/n.a'e «9.0 »/«,01070/s/s10\e\e)ounje| vie lb)e/e\eleieie\eia)visje\sis‘e)siela\>\s'e 0.025 
Calacoustics Plaster casei ceo sisaresisinern cletalerts elallelere cco -cletutoiniotelelofeio srvetelausteletateyererstenereteters 0.16 
Garpety Unlined sperscwvelcieclcesiercatersvelcisielelaie aielateiaieleisisislereastefsleleleteiemistetclerstersie testers! [ele 0.15 
Carpet LIME seer tsyctstelotecsiese sleveloyatasstsleteletotereratsceveterataverstetersleher eters ieiereCeistrreralalcteystakeretetea teeter 0.20 
Carpet, with 36 ins Ozite hainfelt sic cciere siete ciso'a10\store'siss siete seis oieierslocerela\eisielale eteieia 0.25 
GATPet) TUS ic cicicic.c + ciscers sree a aloes wrcrstele elke Porninne ers is orale rciote atc cincopereneialerousie eierarereceroretetereers 0.20 
Acousti-Celotexn by DOA, Up Ai FEC rccrtetere tate lerefnvels arieiatetasiarelel teloleteteleleletelsteretelate 0.25 
Acousti-Celotex, type B, painted or unpainted............. eee e cece eee eee 0.47 
Acousti-Celotex, type BB, painted or unpaintediasece case celeste soiree omelette 0.70 
Acousti-Celotex, type C, painted or unpainted..............seeeeseeee eee eee 0.30 
Armstrong Cork Board, 1 in. thick, 0.875 lb. per sq. ft. ater 0.30 
Armstrong Cork Board, sprayed with cold water PUR erterotaretaysreraccis’e aisieloeyes 0.30 
Armstrong Cork Board, 2iin> thick, 1.6ilb, per sq. ftapies se ccscit ces scececs cs 0.35 
Corks Pilea’ Pascoe cists ein tatele scesslaraloreielarctare'eralaleve(nieleicre aielelets oeimiete’saloreiaternvernis wieleietesieversieva 0.03 
Curtaina iy dhesdivy 2 £OUAS iis cen scares. :siv sinto aieteie » sipiorereisis (erese Wea alerephisie ani oie steve cleselaisie 0.40-0.75 
Hibroblock:, Pumpainitediycxwcsctew a ocronve oraiecaseletcrelora1s a ojos otstarcraeuvielepatore/ ste otererctarereetsteretsers 0.42 
Blaxlinum, bares alvin: Ghickeascsi.sae ccceless oretars chevelslersieistereios'ssiatatelrmtntarasieretereretaters 0.61 
Flaxlinum, 1 in. thick, with unpainted MeMmbiANen ees een eee, 0.61 
Gimco Rock Wool, TBE Sh RES ire OI Sard ee RIE er 0.57 
Glassy) (single: thickness) i. s:<tatelesatocorssteterarelalovsiacve iat ars stole lavaliicerotete celine tale: tera voratache terete 0.027 
Hairfelt; ibdre; 1 ins thick; (0:75 ib: perrsqs atts... ccjctesissialeciaic mete cisiclelctes etereieialee 0.58 
Mairi ol Oriraalyycycpatevees sie ieloisiessseyaleiateroretes ote) sicvoicraice/eteretescinietsreretetovare oloreistevers elareercleratestolsiersic’s iors 0.03 
Mar bleic oc. ow s,0 scare vies siatovos Siege ou © 16 erapetereysreraia tia. 8 esaasoelascrate alateleraieions were ele taisiatetatore ies 0.01 
NashkotecAieys, ma thiclen. frags scsaaretsinalecste ersiate st oreroroiate erevexctectars tarstciereveierseereeoreterere 0.31 
Nashikote: Ay S4raias CHICK... cctors ecciarsinrcis crsiess loresetacerele ol cyasot te alotereioters Sei atets sisi leisiclersns 0.41 
Nasbkote Bis 16 time thick: 5 oc, :cteacerermetraracisiaveisr tarateve le Natvlel oreleletaroletea aero ecto rsToeireee 0.37 
Plaster” omewood), lather seissssiecscariclerere aalersvarsrace eialare crete eter erotererereleie ei oretereie eresieseteis 0.034 
Plasterwon™ metal. Latins acicreretaroparecatoravapene 21a" raivvs ci cra eo) arete Rrobaraasciele rarejateterevetrateletersToisi sree 0.033 
Plaster’ ion ‘tile sede) sci seicese's ciate sieves siete Were scleresis ovewiere wlerclene'eleapqae*ecteieieiciark tate 0.025 
Sabinite Acoustical) Plaster... ccticc-sccncccee ss 0.21 
Stage opening, Copending on stage furnishing: 0.25-0.40 
Ventilators SBD 0.75 
Wood, plain 0.06 
Wood, varnished 0.03 
Acoustic Zenitherm (cork granules cemented with plaster)..............00+- 0.033 

Individual Objects 

OUILEE PeLrSOMeye ay 1c;staxaisiaierate'seperavelaienssle tee easke sles cee an eee Te eee 4.7 
Plain WOO s Seats x «siisava ste wlctcle slats slo cittetstelns arsloreNeeicle sloltte eee creme ae Seeteniek 0.15 
Chureh-ipews, “per sea ters, varciclereis sre sro lesion areran a eiel cacovorstaiafolo iatetos clone companies 0.2-0.5 
Seats), upholstered: seat, and backipmiscae aici ecteocreeeiiaieatehetere crete sere eee rein 0.75-2.00 
eat: cushions spel SeAL saa a\ctarosins weeeerne wareieiais siete Tonios eee eee ee Ee 1.00-2.00 


even with oil paint with a brush without appreciable effect on the ab- 
sorption; this is due to the perforations, which allow sound to pene- 
trate to the interior, even if painted, where absorption takes place. 
Porous membranes over materials do not have a marked effect, 
because sound passes through the open work in the mesh. Such mem- 
branes can be painted only with caution, because closing the open 
mesh will prevent sound from getting to the material underneath for 
effective absorption. Flexible membranes vibrate under the action of 
sound and thus transmit the energy to the material underneath. Here | 
again the flexibility must be maintained to preserve the sound-ab- 
sorbing efficiency. 


THE ABSORPTION OF SOUND BY MATERIALS Dai 


The coefficients listed may be used in calculating the reverberation 
in rooms, and thus allow estimates to be made of the acoustic condi- 
tions of the room. For instance, a room of 44 000 cu. ft. volume may 
have the following absorption: 


Opemmwilldowsasseenn se cece ween 30sq.ft.@1.00 30 units 
Plaster, on’ tile walls............- 6000 sq. ft. @ 0.025 150 units 
Blaster onulathwaernes cen teanenn 3000 sq. ft. @ 0.033 99 units 
Wood floor (varnished)......... 3000 sq. ft.@0.03 90 units 
SCHL S sey tan mre ee eon ae Meta 300 sq.ft.@0.15 45 units 

414 units 
PANICHE MC Oram cenarc tne ete carer oe 100 @ (4.7-0.15) 455 units 

869 units 


This room will be too reverberant, as shown by data calculated 


_ from rooms that are satisfactory, which indicate that about 1700 units 
of absorption would be needed for good effect. It is necessary for cor- 
rection to add the difference between 1700 and 869, or approximately 


830 units, to the room. This may be accomplished by installing hair- 
felt on the ceiling, the area needed being calculated as follows: 830 

uts = (area of hairfelt) * 0.58, from which the area of hairfelt is 
1430 sq. ft. For greater accuracy, the absorption of the plaster ceiling 
should be subtracted, in which case the area of hairfelt would be calcu- 
lated from the relation: 830 — area  (0.58-0.033), or area of hairfelt 
= 1520 sq. ft. This correction is not made usually if the difference in 
areas is 5 per cent or less, because a variation of this amount is allow- 
able in acoustic correction.* For materials of small absorbing value, 
the correction becomes more important. For example, a material of 
coefficient 0.2 would require 4150 sq. ft. (4150 & 0.2 = 830 units) 
for the case just described; but if the absorption of the plaster 
ceiling is subtracted, the area required would be 4970 sq. ft. 
(4970 « (0.2 — 0.033) — 830 units), the per cent difference being 18, 
so that the larger area should be used. 
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